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ABSTRACT 
Plants growing within river corridors both affect and respond to fluvial processes. Their above 
ground biomass modifies the flow field and retains sediment, whereas their below-ground 
biomass affects the hydraulic and mechanical properties of the substrate and consequently 
the moisture regime and erosion susceptibility of the land surface.  
 
This paper reviews research that dates back to the 1950s on the geomorphological influence 
of vegetation within fluvial systems. During the late twentieth century this research was largely 
pursued through field observations, but during the early years of the twenty-first century, 
complementary field, flume and theoretical/modelling investigations have contributed to major 
advances in understanding the influence of plants on fluvial systems. Flume experiments 
have demonstrated the fundamental role of vegetation in determining river planform, 
particularly transitions from multi- to single-thread forms, and have provided insights into flow-
vegetation-sediment feedbacks and landform building, including processes such as channel 
blockage and avulsion. At the same time, modellers have incorporated factors such as 
moisture-dependent plant growth, canopy and root architecture and their influence on flow 
resistance and sediment/bank reinforcement into morphodynamic models. Meanwhile, field 
investigations have revealed that vegetation has a far more important and complex influence 
on fluvial systems than previously realised.  
 
It is now apparent that the influence of plants on river systems is significant across space 
scales from individual plants to entire forested river corridors. Small plant-scale phenomena 
structure patch-scale geomorphological forms and processes, and interactions between 
patches are almost certainly crucial to larger-scale and longer-term geomorphological 
phenomena. The influence of plants also varies continuously through time as above and 
below ground biomass change within the annual growth cycle, over longer-term growth 
trajectories, and in response to external drivers of change such as climatic, hydrological and 
fluvial fluctuations and extremes.  
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Introduction 
 
The fundamental controls on fluvial morphodynamics have long been recognized as the 
frequency and magnitude of river discharge, and the related erosion, transport and deposition 
of sediment, moderated by sediment supply and valley gradient. These processes have been 
the focus of research seeking to explain river form and dynamics for well over half a century. 
Research contributions by Lane (1957) and Leopold and Wolman (1957) are often cited as 
marking the beginning of an era in which geomorphologists have concentrated on explaining 
river form through an increasingly sophisticated understanding of the controlling fluvial 
processes. Recognition of vegetation as a control on river corridor form and dynamics, rather 
than just a response to the constraints imposed by fluvial processes and forms, commenced 
at a similar time. Notably, Mackin (1956) observed that the Wood River, Idaho, alternated 
between meandering and braided planforms as its marginal vegetation changed from forest to 
prairie. During the second half of the twentieth century, research on the geomorphological 
influence of vegetation within fluvial systems was largely pursued through field observations. 
Building on this research during the early years of the twenty-first century, complementary 
field, flume and theoretical investigations have contributed to major advances in 
understanding the influence of plants on fluvial systems.  
 
This review explores the development of research on vegetation and fluvial geomorphology, 
emphasizing investigations that stress the importance of living vegetation as a physical 
influence on fluvial systems. The review concentrates on the humid temperate zone, since 
this is the environmental context in which most of the research has been undertaken, but 
reference is made to other environmental contexts where pertinent, particularly introducing 
the significant body of research conducted in arid environments. There is an enormous 
literature on large (dead) wood and fluvial geomorphology (see Gurnell, 2013 for a recent 
review) and so the geomorphological role of wood will only be reviewed where it interacts with 
living vegetation or, through sprouting, underpins vegetation regeneration.  
 
Plants within river corridors both affect and respond to fluvial processes. Their above ground 
biomass modifies the flow field (e.g., Bennett et al., 2008; Liu et al., 2010) and retains 
sediment (e.g. Corenblit et al., 2009; Zong and Nepf, 2010), whereas their below-ground 
biomass affects the hydraulic and mechanical properties of the substrate (e.g. Docker and 
Hubble, 2008, Pollen-Bankhead and Simon, 2010; Burylo et al., 2012), and consequently the 
moisture regime and erosion susceptibility of the land surface. This review particularly 
highlights the role of plant groups and species that act as physical engineers of river 
ecosystems (sensu Jones et al., 1994), not only responding to their physical environment but 
also modifying it and thus controlling aquatic and riparian ecosystem structure and function as 
well as river morphodynamics.  
 
Following an overview of geomorphological research since the 1950s that has explored 
vegetation as a control on alluvial river behaviour, three themes are developed, coupling 
reference to the broader literature with examples and illustrations from the author’s research: 
 
(i) Physical environmental controls on vegetation within river corridors, 
(ii) Traits of plant species and groups that are capable of influencing the 
geomorphology of fluvial environments, 
(iii) The processes by which plants influence river form and dynamics. 
 
 
Vegetation as a control on alluvial river behaviour 
 
The aim of this section is to provide a broad overview of geomorphological research 
conducted since the mid-20th century that is relevant to understanding the contribution of 
vegetation to the form and dynamics of fluvial systems. Although researchers have 
recognized the potential influence of vegetation on fluvial systems since the middle of the 20th 
century, this topic has attracted rapidly increasing attention since the beginning of the 21st 
century. Many aspects of the enormous literature on this theme have been reviewed recently 
by researchers drawn from the disciplines of geomorphology and ecology (e.g. Bornette et al., 
2008; Corenblit and Steiger, 2009; Corenblit et al., 2007, 2008, 2009, 2010; 2011; Folkard, 
2009; Francis et al., 2009; Gurnell et al., 2005, 2012; Murray et al., 2008; Osterkamp and 
Hupp, 2010, 2012; Steiger et al., 2005; Stoffel and Wilford, 2012; Tabacchi et al., 2009; Viles 
et al., 2008).  
 
 
Early observations 
 
During the latter part of the 20th century, with a few notable exceptions, fluvial 
geomorphological research incorporating vegetation was based on field observations and 
supported investigation of three main themes: associations between vegetation and channel 
width; associations between vegetation and specific fluvial landforms; and how vegetation 
directly influences fluvial forms and processes. 
 
From an early stage, field observations indicated an association between the channel width of 
relatively small streams and their bank vegetation (e.g. Zimmerman et al., 1967; Murgatroyd 
and Ternan, 1983; Davies-Colley, 1997; Trimble, 1997; Huang and Nanson, 1997; Hession et 
al., 2003; Sweeney et al., 2004). Although the types and densities of vegetation varied, in 
most cases forest-lined river channels were found to be wider than those bordered by non-
woody vegetation.  
 
Many field investigations also identified associations between spatial patterns in vegetation 
structure and composition, and river channel and floodplain landforms and their evolution (e.g 
Hupp, 1983, 1986; Osterkamp and Hupp, 1984; Pautou and Décamps, 1985; Bren and Gibbs, 
1986; Menges, 1986; Salo et al., 1986; Harris, 1987; Bren, 1988; Hughes, 1988; Rowntree, 
1991; Puhakka et al., 1992; Décamps and Tabacchi, 1994; Birkeland, 1996; Hupp and 
Osterkamp, 1996; van Coller et al., 1997, 2000; Hughes et al., 1997; Huggenberger et al., 
1998; Osterkamp, 1998; Kollmann et al., 1999; Robertson and Augspurger, 1999). This led to 
research emphasising the consequences of changes in fluvial processes, including flow 
regulation, for channel size and morphology, and riparian vegetation spatial extent, 
succession and structure (e.g. Pautou et al., 1985; Johnson, 1994, 1997; Scott et al., 1996; 
Robach et al.,1997; Friedman and Auble, 1999; Marston et al.,1995; Rood and Mahoney, 
1995; Scott et al., 1996; Stromberg and Patten, 1996; Dominick and O'Neill, 1998; Swanson 
et al., 1998; Friedman and Auble, 1999; Bendix and Hupp, 2000, Merritt and Cooper, 2000). 
In general, these studies identified the importance of the river flow regime (average flows and 
frequency-duration of extreme flows) and alluvial groundwater regime for both supporting and 
disrupting riparian plant dispersal, growth and establishment. In some cases, researchers 
also identified how changes in fluvial processes induced adjustments in channel morphology 
and substrate characteristics, which further impacted riparian vegetation character and spatial 
extent. 
 
Some research also explored the impact of vegetation on fluvial processes and dynamics, 
including studies of bank processes; channel dynamics; channel planform styles; and the 
development of particular landforms. In relation to bank erosion / aggradation, important early 
experiments with silty bank materials by Smith (1976) estimated a 20,000 time increase in 
erosion resistance when these materials included up to an 18% volume root mat. At a larger 
spatial scale, Simon and Hupp (1990) noted the importance of vegetation development on 
lateral bars and benches for accelerating sediment retention and cross profile recovery of 
enlarged and straightened channels; Friedman et al. (1996) stressed the importance of 
sediment trapping by colonizing vegetation in inducing channel narrowing following major 
erosive flood events along Plum Creek, Colorado; Kondolf and Curry (1984, 1986) and Madej 
et al. (1994) described decreased bank stability and channel widening (including transitions 
from meandering to braiding planforms) as a resulted of a decrease in riparian vegetation 
biomass along the Carmel and Merced Rivers, California, USA; and Graf (1978, 1982) and 
Rowntree (1991) identified channel narrowing associated with increased sediment trapping 
and reinforcement by alien riparian woody plant species invading river corridors in SW USA 
and S Africa, respectively. Riparian vegetation was also noted as an influence on the erosion 
resistance and stability of levées (e.g. Shields and Gray, 1992; Dwyer et al., 1997). Overall, 
the importance of vegetation for bank stability and erosion resistance is conditioned by the 
size, structure and biomechanical properties of both the above- and below-ground biomass 
(Greenaway, 1987; Coppin and Richards, 1990; Thorne, 1990; Gray and Sotir, 1996). The 
role of vegetation was also hypothesised to vary along river systems as plants interact with 
other physical processes that affect bank erosion, such as subaerial preparation, fluvial 
entrainment, and mass failure (Abernethy and Rutherfurd, 1998). 
 
Interest in the impact of vegetation on river banks was also directed at channel migration 
rates and processes. In the context of meandering rivers, Nanson and Beach (1977) identified 
a clear association between riparian forest age structure and species composition, and 
sedimentation and lateral migration of the Beatton River, British Columbia; whereas Beeson 
and Doyle (1995), also working in British Columbia, found that major bank erosion during 
large floods was 30 times more prevalent on non-vegetated bends than on vegetated bends, 
and Burckhardt and Todd (1998), working in Missouri, found that bends with unforested 
concave banks had an average migration rate three times greater than those with forested 
concave banks. On small sinuous rivers, vegetation can induce particular styles of bank 
erosion (e.g. Davis and Gregory, 1994), whereas on larger rivers, vegetation-associated point 
and counterpoint bar and bench development and scroll formation have been noted as 
specific biogeomorphological features of meander migration by Nanson (1981), Page and 
Nanson (1982) and McKenney et al. (1995), whereas Kochel et al. (1987) attributed pseudo-
terrace construction to tree jams in the Little River valley, Virginia. 
 
Several researchers also identified vegetation as a key control on channel planform, in 
particular in relation to transitions between multithread and single thread planforms (Kondolf 
and Curry, 1984, 1986); maintaining island ridges in ephemeral anabranching rivers (Wende 
and Nanson, 1998; Tooth and Nanson, 1999); controlling channel change in perennial 
anastomosing systems (e.g. Harwood and Brown, 1993); and influencing the morphology and 
stability of floodplains (Featherston et al., 1995; Piégay, 1997).  
 
In addition to results drawn from individual field research investigations, several review 
papers synthesized field research results to advance understanding of the role of vegetation 
within fluvial systems. Hickin (1984), Gregory and Gurnell (1988) and Thornes (1990) 
identified a range of mechanisms through which vegetation affected fluvial forms and 
processes, and Gregory et al. (1991), Naiman and Décamps (1997) and Gurnell (1997) 
emphasized riparian processes and dynamics across different space and time scales. A 
particularly ground-breaking research synthesis by Nanson and Knighton (1996) explored 
different styles of anabranching river. Although the authors did not explicitly identify 
vegetation as a control on river morphodynamics, some aspect of dead or living vegetation 
was mentioned in association with virtually all of the anabranching river types that they 
described. Reference was made to the role of aquatic vegetation in retaining sediment and 
inducing avulsions in low energy organic systems; to stabilization of channel and island banks 
by riparian vegetation in low energy organo-clastic and sand dominated systems and in 
higher energy gravel-dominated systems; to damming of higher energy gravel-dominated 
systems by large wood, and to the creation and maintainance of ridge-shaped islands as a 
result of within-channel tree growth in higher energy sand-dominated systems. 
 
 
Recent advances: Flume Experiments 
 
The early years of the twenty-first century have seen enormous advances in understanding 
the importance of vegetation as a physical component of fluvial systems. This has been 
achieved through a combination of experimental research in flumes and advances in 
physically-based modeling, as well as through numerous field investigations. 
 
Flume experiments have explored interactions between flow, sediment and submerged, 
emergent and riparian plants in an increasingly realistic way. These experiments have 
detailed vegetation impacts on three dimensional flow structures under different discharge 
and vegetation (stem density, canopy architecture, flexibility, patch configuration etc.) 
conditions, whose geomorphological significance can be interpreted in relation to the potential 
for retention, erosion and redistribution of river bed and bank sediment (e.g. Lopez and 
Garcia, 1998; Sharpe and James, 2006; Hopkinson and Wynn, 2009; Liu et al., 2010; 
McBride et al., 2007; Zong and Nepf, 2010; Bal et al., 2011; Chen et al., 2011). Of particular 
biogeomorphological interest is the experiment conducted by McBride et al. (2007), which 
compared non-forested (synthetic grass carpet) with forested (rigid wooden dowels) riparian 
vegetation and found a narrow band of high turbulence between the floodplain and main 
channel for forested runs (turbulent kinetic energy twice that of non-forested runs), which may 
induce enhanced sediment entrainment and transport and thus higher channel widths in 
forest-lined channels.  
 
Flume experiments have also investigated the impact of vegetation on river channel 
morphodynamics and planform. These experiments have shown that marginal patches of 
emergent vegetation in overwidened, straight channels can induce channel narrowing and 
increased sinuosity (Bennett, 2004; Bennett et al., 2002, 2008) and that vegetation is a key 
ingredient in the simplification of river planform and the maintenance of single thread 
channels (e.g. Gran and Paola, 2001; Tal et al., 2004; Jang and Shimizu, 2007; Tal and 
Paola, 2007; Braudrick et al., 2009; Li and Millar, 2010), by reinforcing sediment and so 
reducing channel widening and channel cutoffs (Tal and Paola, 2010). Recently the impact of 
vegetation growth stage and rate have been explored (Crouzy and Perona, 2012; Perona et 
al., 2012), showing that as vegetation establishes under the same flow and sediment supply 
conditions, sediment retention increases; fewer, less mobile, narrower and deeper channels 
are maintained; and plants with small rooting depth are preferentially eroded, leaving deeper 
rooted plants stabilizing sediment. These observations complement research over geological 
time scales (Davies and Gibling, 2009, 2010; Gibling and Davies, 2012) that indicates a 
change from predominantly braided to meandering river planforms across the Earth's surface 
as rooted vegetation capable of stabilising river banks evolved, but also the development of 
some more complex anabranching systems with the appearance of woody vegetation and log 
jams that induced avulsions. Whilst many flume experiments indicate a simplification of 
planform in response to bank and floodplain vegetation in perennially-flowing systems, 
Coulthard (2005) showed that vegetation growth in ephemeral rivers may cause the flow to 
divide, increasing the number of channels in a manner similar to that observed in the field 
(e.g. Tooth and Nanson, 2000). Indeed, all of these results are consistent with earlier field 
studies (see previous section), and clearly confirm that plants are not a passive component of 
rivers, they are crucial to large scale river morphodynamics. 
 
In summary and from a geomorphological perspective, recent research using flumes has 
highlighted the fundamental role of vegetation in determining river planform, particularly 
influencing transitions from multi- to single-thread planforms. It has also provided insights into 
vegetation-related processes leading to channel blockage and avulsion (e.g. Tal and Paola, 
2010); into flow-vegetation-sediment feedbacks and landform building (e.g. Braudrick et al., 
2009; Li and Millar, 2011); and images from some experiments illustrate the formation of 
pioneer vegetated landforms as vegetation colonises bare sediment features (e.g. Figure 6 in 
Tal and Paola, 2010,), a topic that is discussed in detail below.  
 
 
Recent advances: Modelling 
 
While flume experiments have revealed the role of plants as physical engineers of river 
channels, modelling research has allowed the processes underpinning this role to be 
investigated in detail. One major focus, highly relevant to river channel dynamics, has been 
modelling of the impact of riparian vegetation on bank stability and erosion resistance. In this 
context, there have been major advances in characterizing the way in which plant root 
systems reinforce river banks (e.g. Pollen and Simon, 2005, Pollen-Bankhead and Simon, 
2009; Nygren et al., 2009) and the impact of plant biomass on bank surcharge and failure 
(e.g. van de Wiel and Darby 2007). Using such models, it has been possible to compare the 
effects of different riparian plant species on bank stability / erodibility, including alien invasive 
riparian species (e.g. Pollen-Bankhead et al., 2009), and emergent aquatic species (e.g. 
Pollen-Bankhead et al., 2011). In combination with field and laboratory observations, the 
relative importance of vegetation-related hydrological and hydraulic processes for bank 
stability have also been investigated (e.g. Simon and Collison, 2002; Pollen-Bankhead and 
Simon, 2010), including seepage undercutting (Cancienne et al., 2008).   
 A second area of modeling advance has examined the aggregate impact of riparian 
vegetation on river planform. By representing the overall effect of vegetation on bank stability 
in terms of a friction angle, Millar (2000) defined a theoretical criterion for the meander-
braiding transition that incorporated bank full discharge, D50 and bank vegetation and showed 
good discrimination when compared with field data. Subsequently, Millar (2005) introduced 
relative bank strength (the ratio of the critical shear stresses for the bank and bed sediments) 
to incorporate bank vegetation into theoretical regime equations for gravel bed rivers. Relative 
bank strength has been used, along with dimensionless discharge and slope, to define 
thresholds between rivers with single thread, transitional and braided planforms (Eaton et al., 
2010) and to explore impacts of vegetation on downstream hydraulic geometry and migration 
in channels of different size (Eaton and Giles, 2009).  
 
Lastly, modeling has also explored the dynamic impact of vegetation on river channel 
adjustments. Murray and Paola (2003) developed a cellular model that distributes water 
across cells in each time step according to the bed topography, and moves sediment between 
cells according to a local stream power index moderated by sediment availability / retention 
related to cell vegetation. Plants grow until they are destroyed by either excessive deposition 
or erosion. The model was used to examine the impact of sediment stabilization by plants on 
channel pattern, particularly the transition from multi- to single-thread patterns. Crosato and 
Saleh (2010) also explored the effects of floodplain vegetation (grass) on river planform using 
a model scaled to the River Allier, France, upstream of Moulins. The model incorporates the 
effects of vegetation on flow velocity, bed shear stress and sediment transport, and allows 
vegetation to colonise bare sediment that is exposed during low water stages. Over a 
simulation equivalent to 10 years of channel development under a characteristic annual flow 
regime, the model generated a braided planform in the absence of vegetation and a 
meandering planform with vegetation. In a more detailed meander migration model that 
incorporates vegetation-mediated processes of bank erosion and accretion, Parker et al. 
(2010) have taken account of processes on the outer, eroding (slump block toe protection) 
and inner, depositing (vegetation colonization of deposited sediment) banks, with the 
separate modeling of the two banks linked through morphodynamic evolution of the central 
part of the channel.  Finally, in a sequence of papers, increasingly sophisticated models of 
vegetation colonization and growth in response to river flows and floodplain groundwater 
levels (Camporeale and Ridolfi, 2006), have been linked to a fluid dynamical model of 
meander development to induce complex spatial patterns in floodplain vegetation biomass 
(Perucca et al., 2006), and then the feedback effect of the distribution of biomass on 
mechanical properties of river banks and thus on meander evolution (Perucca et al. 2007). 
Further modeling has demonstrated that these interactions between vegetation, discharge 
and the hydraulic character of the channel-floodplain cross-profile have major impacts on 
longitudinal dispersion processes during over-bank floods and thus longitudinal transport 
along rivers (Tealdi et al., 2010). 
 
In summary, important geomorphologically-relevant outcomes from recent modeling work 
include recognition of the influence of vegetation on river planform and planform dynamics 
including the impact of vegetation on both eroding and depositing banks. Models have 
incorporated a range of vegetation-related factors including canopy flow resistance, root-
reinforcement of sediment reflecting both root mechanical properties and architecture; 
constraints of plant burial and erosion; and also moisture-dependent plant growth. 
 
 
Recent advances: Field Observations 
 
As modeling and flume experiments have become more sophisticated they have provided 
confirmation of the biogeomorphological importance of phenomena that had been inferred 
previously from field observations; they have placed these phenomena on a sound theoretical 
footing; and they have enabled their scale-dependence to be explored. At the same time, field 
research has continued to investigate processes and related landforms in detail across a 
range of environmental settings and to propose new phenomena that are worthy of 
investigation through flume experimentation and modeling. This field research relates to four 
broad and, to some extent, overlapping themes, which explore the importance of vegetation 
for bank processes; multi-thread river styles; sediment retention; and pioneer landform 
development.  
 
Research on vegetation and bank processes has remained an important focus for field 
investigation. In relation to broad bank vegetation cover classes, Micheli et al. (2004) 
estimated that agricultural floodplains were 80-150% more erodible than forested ones and 
Allemendinger et al. (2004) found that vegetation-mediated deposition and lateral channel 
migration are both higher along non-forested reaches than forested reaches, leading to wider 
equilibrium channel widths at the forested sites that they observed in Pennsylvania.  
 
Many field studies have revealed important spatio-temporal variations in riparian plant rooting 
depths and structures that are important for bank stability. For example, Kiley and Schneider 
(2005) identified both spatial and distinct seasonal variations in the depth distribution of 
riparian root biomass along streams in the Adirondacks, USA; Abernethy and Rutherford 
(2001) found that interspecies differences in root distribution between Australian riparian tree 
species were highly significant for bank reinforcement; Rutherfurd and Grove (2004) found 
that some riparian trees could offer strengthening through to the base of river banks as high 
as 4m; Wynn et al. (2004) identified great variability in root architecture and size distribution 
with depth between, but also within, herbaceous and forested sites in headwater stream 
banks in Virginia; and Docker and Hubble (2008) showed that tree roots fail progressively 
rather than simultaneously, so that estimates of shear strengths that assumed simultaneous 
root failure were on average 50-215% greater (according to tree species) than measured 
values.  
 
Field studies have also investigated the importance of both above and below ground 
vegetation properties for bank stability / erosion. Pizzuto et al. (2010) evaluated the rate and 
variance in river bank retreat associated with tree size and spacing and the development of a 
scalloped bank planform dictated by tree buttressing, undercutting and toppling. Based mainly 
on field observations, McBride et al. (2008, 2010) proposed a conceptual model of channel 
incison, widening and recovery as stream banks develop a riparian forest cover. 
Measurements during floods on forested and non-forested reaches confirmed the significantly 
higher turbulent kinetic energy in forested reaches that was indicated in their flume 
experiments (McBride et al., 2007), further contributing to understanding the larger width of 
forested in comparison with adjacent unforested reaches. Malkinson and Wittenberg (2007) 
also considered the structure of the above-ground biomass, highlighting the importance of 
shrubs in reducing flow velocities and thus further contributing to bank stability. Other 
research that has focused on above-ground biomass includes an evaluation of the effect of 
tree characteristics as well as substrate conditions on tree bending (Stone et al., 2013) and 
breakage (Tanaka and Yagisawa, 2009) and interactions between flow and vegetation during 
flood events. At a reach scale, Toledo and Kauffman (2001) illustrated complex linkages 
between vegetation, hydrology and geomorphology affecting bank stability / erosion in 
incising headwater streams in Oregon. Channel incision affected bank hydrology and 
inundation frequency, leading to a change in bank vegetation from wetland to drier 
environment species, with an accompanying reduction in root biomass and rooting depth, 
from which a positive feedback of further channel incision and widening was inferred. 
Although not related to bank stability analysis, Stallins et al. (2010) describe and Loheide and 
Booth (2011) model interactions and feedbacks between soil moisture-groundwater 
hydrology, surface water inundation, floodplain form, and vegetation composition and 
distribution that could equally affect channel lateral dynamics through changes in the species 
composition of riparian vegetation and the structure of above- and below-ground biomass.  
 
Researchers have also continued to explore relationships between riparian vegetation and 
multi-thread river systems, but with greater emphasis on vegetation-mediated processes. 
Complex processes of channel adjustment involving large wood accumulations and living 
trees have been identified in rivers in the Pacific Northwest of the USA (e.g. Abbe and 
Montgomery, 2003; O’Connor et al., 2003; Brummer et al., 2006; Montgomery and Abbe, 
2006; Collins et al., 2012), including the development of islands, wood and vegetation 
controlled avulsions, and wood-reinforced erosion-resistant hard spots within floodplains. 
Similar processes dependent on resprouting of deposited wood and riparian tree colonization 
have been identified in European rivers (e.g. Gurnell et al., 2001; Gurnell and Petts, 2006; 
Corenblit et al., 2010; Welber et al., 2012). Studies of riparian woodland have also shown how 
forest structure and wood retention on floodplains influences over-bank flow pathways and 
side-channel development (e.g. Sear et al. 2010); sediment and organic matter retention 
(Jeffries et al., 2003; Cierjacks et al., 2011); and how the physical structure and composition 
of the understorey vegetation is in turn affected by disturbance magnitude and frequency 
(Dufour and Piégay, 2010).  
 
One important emerging theme has been the impact of vegetation on the hydraulic efficiency 
of dryland river channels (e.g. Tooth, 2000; Tooth and Nanson, 2000; Tooth and McCarthy, 
2004a; Tooth et al., 2007; Pietsch and Nanson, 2011). In these systems, trees growing on 
river channel beds trap sediment during flow events leading to the formation of stable ridge-
shaped islands that funnel flows through anabranching channel systems adjusted to the 
efficient transfer of water and sediment. The geometry of these vegetated anabranching 
systems differs strongly from perennially flowing systems (Pietsch and Nanson, 2011) and 
over time they tend to propagate downstream as upstream sections transmit sediment 
increasingly efficiently, providing fresh downstream sediment surfaces for vegetation to 
colonize and initiate new anabranches (Tooth et al., 2007). Close interactions between 
vegetation and channel cross-profile efficiency have also been recognized in perennially-
flowing, low energy, organic wetland systems (Gradzinski et al., 2003; Tooth and McCarthy, 
2004b; Watters and Stanley, 2007; Nanson et al., 2010) and densely vegetated, sand-bed 
tropical systems (Jansen and Nanson, 2010). In organic wetland systems, dense emergent 
aquatic and riparian vegetation grows on deep organic sediment that forms the margins and 
sometimes also the bed of river channels. In these frequently multi-thread, anastomosing 
systems, the vegetation and organic sediment not only strongly influence the low width to 
depth ratio of channel cross profiles but they are also dependent on the maintenance of a 
high water table, which is itself dependent on the geometry and drainage efficiency of the 
channel system. Vegetation is similarly influential within the anabranching channels of the 
sand-bed Magela Creek, northern Australia (Jansen and Nanson, 2010). Here channels have 
a low width to depth ratio reinforced by dense riparian vegetation consisting of ‘colonnades of 
trees that simulate a vegetation-walled corridor’ protecting the banks from erosion and 
impeding exchange of momentum between the channel and floodplain during overbank flows. 
 
Interactions between vegetation and fluvial processes have also been shown to have 
significant effects on mineral sediment transfer and local sediment storage. These impacts 
are particularly noticeable when there is a significant change in fluvial processes and/or 
vegetation. Research comparing the Cann River, which has been strongly affected by 
changes in riparian vegetation cover and land management following European settlement, 
with the relatively pristine Thurra River, SE Australia (Brooks and Brierley, 2002; Brooks et 
al., 2003) showed the crucial role of wood and trees for maintaining rivers in a ‘mediated 
equilibrium’ condition with high sediment retention; and the enormous impact (7x increase in 
channel capacity, 3.6x increase in channel depth; 150x increase in lateral channel movement) 
of wood and tree removal. The importance of woody riparian vegetation for floodplain stability 
and sediment retention is also illustrated by its role in preventing floodplain unraveling (i.e. 
sudden widening of the river channel across the floodplain) during major floods in systems 
that are close to a transition from single- to multi-thread planform (Griffin and Smith, 2004; 
Smith, 2004).   
 
In the context of rivers recovering from riparian vegetation removal, Zierholz et al. (2001) 
noted how, following a period of intense gullying and channel bed incision, colonization of 
25% of the channel network of the Jugiong Creek catchment, SE Australia since 1945 by 
emergent macrophytes, has resulted in the trapping of 2,000,000 tonnes of sediment, 
equivalent to 4.7 years of sediment production from this 2175 km2 catchment. Erskine et al. 
(2012) documented how such adjustments reflect complex interactions between several 
biogeomorphic processes. Following extreme channel widening of the Widden Brook, Hunter 
Valley, Australia, as a result of a combination of frequent floods and riparian vegetation 
clearance by European settlers, channel narrowing occurred in the second half of the 20th 
century through (i) the colonization of marginal bars by riparian trees and grasses that 
trapped sediment, aggrading the bar surfaces to form benches (for a detailed description see 
Erskine et al., 2009), and (ii) smaller-scale accretion of banks and chutes as a result of 
sediment trapping and stabilisation by stoloniferous and rhizomatous grasses.  
 
Channel narrowing and sediment retention related to riparian and aquatic vegetation 
colonization and growth have been observed in many environmental contexts both as 
recovery mechanisms between extreme flow events or in response to climate- or human-
induced changes in the river flow regime (e.g. Friedman and Lee, 2002; Ollero, 2007; 
Garófano-Gómez et al., 2012). Many of these interactions have involved invasions by alien 
plant species that take advantage of the changed hydrological conditions and thus the 
removal of key elements of the flow regime that maintain the native vegetation (Stromberg, 
2001; Shafroth et al., 2002; Stromberg et al., 2007, 2010). The invasion of US floodplains by 
Tamarix spp., often accompanied by other aliens such as Russian olive (Elaeagnus 
angustifolia) and Giant cane (Arundo donax), provides many well-documented examples of 
large-scale sediment retention, channel narrowing and stabilisation (e.g. Birken and Cooper, 
2006; Cadol et al., 2011; Dean and Schmidt, 2011).  Conversely, removal of Tamarix spp. has 
resulted in the release of enormous quantities of sediment. For example, the application of 
herbicides along a 12 km reach of the Rio Puerco, New Mexico, resulted in erosion of 
680,000m3 of sediment and an 84% increase in channel width during a single flood (Vincent 
et al., 2009).  
 
A final theme of field research concerns the processes by which plants initiate landforms 
within fluvial systems. This topic is the focus of a later section of this paper. At this stage it is 
important to stress that pioneer landforms created by individual plants or plant patches, 
sometimes in association with dead wood, are being identified in many fluvial systems at the 
interface between areas within the cross and long profile of the river where physical 
processes dominate and areas where plants dominate the character of the fluvial corridor. 
Examples include wood piles (e.g. Pettit et al., 2006), dead (Abbe and Montgomery, 2003) 
and sprouting deposited riparian trees (e.g. Edwards et al., 1999; Gurnell et al., 2001, 2005) 
and tree fragments (e.g. Rood et al., 2011); and emergent (e.g. Asaeda et al., 2010; Liffen et 
al., 2011) and submerged aquatic plants (e.g. Cotton et al., 2006). These plants and the 
pioneer landforms that they induce by trapping and stabilising sediment, organic matter and 
the propagules of other plant species, facilitate the rapid establishment of other plants that 
can in turn reinforce the development of the vegetated landforms. In aggregate, these small 
features have a significant impact on the outcomes of interactions between vegetation and 
fluvial processes, contributing to characteristic ‘fluvial biogeomorphic successions’ (Corenblit 
et al., 2007; 2010) in different environmental settings.  
 
Overall field investigations of vegetation within fluvial systems over the last 15 years have 
revealed that vegetation has a far more important and complex role than previously realised, 
and that this role is significant across space scales from individual plants to entire forested 
river corridors. Moreover, this role varies continuously through time as above and below 
ground biomass change within the annual growth cycle, over longer term growth trajectories, 
and in response to external drivers, particularly those relating to climatic, hydrological and 
fluvial fluctuations and extremes. 
 
 
Physical environmental controls on vegetation within river corridors 
 
The degree to which plants impact on fluvial systems is constrained by the environmental 
setting. Ultimately climate constrains the species that are able to grow at a site, and as a 
result, different species of riparian and aquatic plants thrive in different environments. A few of 
these species have the ability to colonise and grow vigorously within heavily disturbed areas 
of the river corridor. For example, along the Tagliamento River, Italy, three riparian tree 
species dominate the riparian zone (Alnus incana, Salix eleagnos, Populus nigra) with their 
presence and relative cover changing along the river’s course as the climate shifts from 
Alpine in the headwaters to Mediterranean in the lower reaches (Figure 1A). Different species 
can take on similar geomorphological roles in different environmental settings, and within a 
particular climatic context, physical (hydrological and fluvial) processes (Figure 2) heavily 
influence the survival, composition and growth performance of the riparian and aquatic plants 
that are present. At a reach scale, the structure and development of riparian plant 
communities is largely controlled by the flow regime (Pettit et al., 2001; Stromberg, 2001; 
Nilsson and Svedmark, 2002; Dynesius et al., 2004; Lytle and Merritt, 2004; Lite et al., 2005; 
Rood et al., 2003a, 2005, García-Arias et al., in press) both directly and through the cascade 
of physical processes that it influences including the moderation of riparian groundwater 
conditions. Aquatic plants also respond strongly to fluvial controls (e.g. Riis and Biggs, 2003; 
Baattrup-Pedersen et al., 2006; Daniel et al., 2006). Evidence for this at a national scale is 
provided in Figure 3, which incorporates information on the abundance of over 100 aquatic 
plant species surveyed in 467 river reaches across Great Britain. When these species are 
grouped into five morphotypes (i.e. grouped according to plant morphology) and a canonical 
correspondence analysis is performed on morphotype abundance in relation to reach physical 
properties, clear patterns emerge in the morphological structure and abundance of aquatic 
plants associated with reaches of different flow energy and substrate calibre (Gurnell et al., 
2010).  
 
River flows govern a gradient of physical environment properties as their energy increases. In 
low energy environments the key flow properties are largely hydrological, including water 
depth in permanently inundated areas and inundation duration and frequency, near-surface 
groundwater regimes (including frequency and duration of inundation / waterlogging), and 
moisture availability within the riparian zone. All of these properties constrain the composition 
of aquatic and riparian plant communities. Aquatic species require inundated habitats and, 
even in still water environments, are sensitive to water depth and clarity (e.g. Fischer and 
Claflin, 1995; Sharp et al., in press). In the flowing waters of Danish streams, Riis et al. (2000, 
2001) also found that the composition of aquatic vegetation varied with channel width and 
water quality as well as with stream depth. At the transition between aquatic and riparian 
zones, water availability becomes particularly influential since aquatic plant communities 
show widely varying abilities to cope with and recover from periods of dry conditions (Holmes, 
1999). Naturally-functioning riparian zones exhibit a wide range of hydrological conditions, not 
only reflecting spatio-temporal variations in hydrological processes but also the moisture 
retentiveness of complex alluvial substrates, whose calibre is in turn affected by the energy of 
the river that deposited them. Different riparian plant species have different tolerances and 
growth responses to hydrological conditions, with studies of riparian trees revealing species-
specific responses to levels and extremes in soil moisture and depth to water table, as well as 
frequency and duration of inundation. In this context, a review by Glenz et al. (2006) is 
particularly informative, since it presents a conceptual model of how riparian trees respond to 
flooding and then classifies 65 European tree and shrub species according to their inundation 
tolerance. Research studies of particular riparian species and physical processes have also 
revealed community and species-specific tolerances and growth responses to inundation and 
flood disturbance (e.g. Bren, 1988; Auble et al., 1994, Blanch et al., 1999, Friedman and 
Auble, 1999; Amlin and Rood, 2001, 2002, 2003; Pettit et al., 2001; Predick et al., 2009) as 
well as to groundwater levels and drought stress (Amlin and Rood, 2002, 2003; An et al., 
2003; Naumberg et al., 2005; Loheide and Gorelick, 2007; Imada et al., 2008; Mouw et al., 
2009; Lowry and Loheide, 2010; González et al., 2012; Singer et al., in press). 
 
Flow disturbance and related mobilization and deposition of sediment impose drag on plants, 
affect stability of the substrate into which the plants are rooted, and subject plants to scour, 
excavation, uprooting and burial (Figure 2).  These physical constraints on the vegetation 
increase in severity with increasing flow energy. At the same time, mobilization and sorting of 
increasingly coarse sediment can feed back into the creation of moisture extremes within 
riparian zones. Coarse sediment patches drain efficiently, giving rise to moisture conditions 
that can range from waterlogged to intensely arid as river stage fluctuates. Overall river 
corridors present highly disturbed, extreme environments exhibiting immense spatial and 
temporal variations in moisture availability, flow and substrate conditions and sediment 
dynamics. As a result, river corridors are characterized by complex, temporally dynamic 
spatial distributions of plant species associated with a shifting mosaic of habitat patches 
(Figure 4, Pringle et al., 1988; Stanford et al., 2005; Mouw et al., in press), which broadly 
reflect relative topographic position and proximity to the main channel (disturbance magnitude 
and frequency) and sediment calibre (hydrological conditions) within the riparian corridor (e.g. 
van Coller et al., 1997; Robertson and Augsperger 1999; Bendix and Hupp, 2000; Richter and 
Richter, 2000; Dixon et al., 2002; Cooper et al., 2003, 2006; Turner et al., 2004; Friedman et 
al., 2006, Laterell et al., 2006; Robertson, 2006; Nakamura et al., 2007). Biological and 
chemical processes that also influence the presence and abundance of species are linked to 
and moderated by these patch environments but also respond to larger, catchment-scale 
factors (e.g. rock type, land use, catchment species pool).  
 
 
Traits of plant species and groups that are capable of influencing the geomorphology 
of fluvial environments 
 
The species composition and structure of vegetation in fluvial environments is so strongly 
influenced by fluvial processes and the overall fluvial regime (Richter and Richter, 2000) that 
researchers have developed models that synthesise the response of individual species and 
communities to various elements of the fluvial regime (e.g. Bornette et al., 2008). Merritt et al. 
(2010) specifically considered pioneer species that are the first colonizers of disturbed, bare 
alluvial substrates. These species exhibit a range of traits relating to reproduction, 
germination and growth, including adaptations that enable them to survive the high shear 
stresses and processes of excavation and burial that characterize fluvial corridors. In this 
context, there has been a particularly strong research focus on riparian tree species 
(particularly the Salicaceae: willow and poplar species), which are found widely across the 
northern temperate zone. However, research on other tree species found in riparian zones 
has also shown them to respond and be well adapted to fluvial processes (e.g. Acer 
saccharinum, Betula nigra, Dixon, 2003; Alnus acuminata, Easdale et al., 2005; Acer 
negundo, DeWine and Cooper, 2007; Casuarina cunninghamiana, Erskine et al., 2009; 
Fraxinus excelsior, Dufour and Piégay, 2008). Aquatic plant species also tend to occupy 
particular ranges of physical and hydraulic habitat conditions (Riis and Biggs, 2003, Haslam, 
2006; O’Hare et al., 2010), within which they display many adaptations that support their 
survival. 
 
 
Sexual Reproduction 
 
Because of wide differences in the timing of seed production, and the size, longevity, 
density/buoyancy, and dispersal pathways utilized by different seed species, plant recruitment 
through sexual reproduction in fluvial systems is extremely complex. Figure 5 indicates some 
of the main controls on the species composition of viable seeds deposited within the margins 
of two British rivers (Gurnell et al., 2008), including the catchment species pool, sampling 
position within the channel and riparian zone (which reflects the balance between dispersal 
pathways used by different species), and sampling time (which reflects timing of seed 
release, seed longevity and the degree to which the seasonal duration and frequency of river 
levels may have influenced seed delivery by hydrochory).  
 
Production and dispersal of seeds of riparian poplars and willows are well adapted to highly 
disturbed fluvial environments (Karrenberg et al., 2002). These tree species produce 
enormous quantities of very small, light, short-lived seeds. For example, a study of six 
Salicaceae species (Populus nigra, Salix alba, S. daphnoides, S. elaeagnos, S. purpurea, and 
S. triandra) by Karrenberg and Suter (2003) established that, according to species, individual 
plants produced between 103 and 106 seeds, seed weight ranged from 0.02 to 0.8 mg, and 
the viability of 50% seeds was lost in a period of between 6.5 and 23.3 days. The seeds of 
different species of the Salicaceae are produced within short time windows throughout spring 
and early summer and are widely dispersed by both wind and water. The time of seed release 
is attuned to the natural annual river flow regime of high flows in the late winter and early 
spring, since successful germination of these species requires a moist, bare substrate, and 
early growth is supported by gradual water table decline, preferably within moisture-retentive 
sediment (e.g. Francis et al., 2005; Guilloy et al., 2011). While dispersal by wind may allow 
some seed to reach suitable germination sites, secondary dispersal by water concentrates 
deposition along the water’s edge during spring to summer falling river stages, where 
moisture and bare sediment are abundant. Because physical conditions are so important for 
germination and early growth of the Salicaceae, Mahoney and Rood (1998) were able to 
define a ‘recruitment box’, linking the timing of seed release, germination and early growth to 
the level and rate of recession of river stage, and so allowing estimation of whether 
recruitment of particular species is likely to be successful in a particular year. This modelling 
approach has been developed subsequently to investigate recruitment of different riparian 
trees species under both natural and prescribed flow regimes (e.g. Rood et al., 2003a, 2005; 
Lytle and Merritt, 2004; Ahna et al., 2007). 
 
 
Asexual Reproduction 
 
Pioneer plant species in river environments also devote considerable resources to asexual 
reproduction. This form of reproduction can occur at any time, spreading the risk of 
encountering unfavourable recruitment conditions, although widespread dispersal of 
vegetative fragments is associated with floods. Vegetative propagules usually benefit from 
greater internal resources than seeds to support their initial growth, and so they tend to cope 
with a wider range of environmental conditions and to grow faster. A mix of sexual and 
asexual reproduction can lead to successful recruitment of the same species at different 
locations during the same time period (e.g. Asaeda et al., 2011). 
 
In the case of the Salicaceae, vegetative reproduction can be highly successful whether small 
plant fragments or entire uprooted trees are involved (e.g. Asaeda et al., 2011). Rood et al. 
(2003b) describe a process whereby branches are sheared off riparian trees during transport 
by flood waters and, following deposition in a favourable location, the branches sprout to form 
vigorous saplings. Gurnell et al. (2001, 2005) recognised uprooted, deposited trees as being 
the key propagules supporting rapid regeneration along the Tagliamento River, Italy. Since 
floods are needed for trees and large living wood pieces to enter the river, it is likely that this 
‘living wood’ (Gurnell et al., 2001) will be deposited on relatively elevated, bare, moist alluvial 
sediment during flood recessions, promoting rapid sprouting and the potential for significant 
root and shoot growth before further flood disturbance (Edwards et al., 1999, Gurnell et al., 
2005). As with seed germination, deposition on an open, moist substrate is crucial for 
regrowth of the Salicaceae (Francis, 2007). 
 
Like riparian plants, aquatic plant species also employ both sexual and asexual reproduction. 
Asexual reproduction is very important for expanding cover locally and for coping with major 
flow disturbances (Riis and Sand-Jensen, 2006). In humid temperate environments, these 
species tend to follow an annual growth cycle (Figure 6), whereby shoots emerge in the 
spring, achieve peak biomass in mid to late summer and then senesce during Autumn, 
leaving little (if any) above-ground biomass during winter (Figure 6B). Many aquatic species 
produce dense networks of rhizomes that support vegetative reproduction. Shoots and roots 
develop from nodes on the rhizomes, allowing plant stands to extend laterally during 
favourable conditions. Rhizomes persist through the winter, retaining and reinforcing 
colonised sediment (Figure 6A). During severe floods, particularly during winter when there is 
negligible foliage to provide flow resistance and little root biomass (Figure 6B), rhizome-
reinforced sediment patches can become scoured or undermined, exposing rhizomes (Figure 
6F) to breakage and the formation of mobile propagules that can colonise downstream sites. 
 
 
Growth Rate 
 
An ability to grow rapidly is also crucial for plant survival within fluvial systems. Riparian tree 
species grow rapidly in suitable environmental, particularly hydrological, conditions. The 
development of above-ground biomass provides a simple measure of plant growth 
performance. Figures 1 B to D, illustrate annual growth increments in one riparian tree 
species (Populus nigra) on open areas of gravel bars along the middle to lower reaches of the 
Tagliamento River. Annual increments in plant height vary according to moisture availability, 
particularly reflecting groundwater levels in the alluvial aquifer, and show increasing growth 
rates (i) where groundwater upwelling and tributary inputs occur (e.g. from ca 74 to 81 km and 
downstream from 104 km), (ii) where individuals are more established and thus have deeper 
and more extensive root systems (compare annual average seedling (Figure 1B) and 3m tall 
shrub (Figure 1C) growth increments measured in 2005), and (iii) through time as moisture 
availability varies (compare average annual growth increments of 3 m tall shrubs in 2005 
(Figure 1C), following two years with predominantly low baseflow river stages (Figure 7), and 
in 2010 (Figure 1D), following a period of two years with predominantly high baseflow river 
stages (Figure 7)). Furthermore, initial growth varies strongly at the same site according to 
propagule type (Figure 8). Despite their relatively fast growth rates in comparison with other 
shrub and tree species, Populus nigra seedlings grow more slowly than vegetative 
propagules and large vegetative propagules growing more rapidly than smaller ones under 
the same environmental conditions (Figure 8). As a result, seedling survival is relatively low 
during the first year of growth. For example, Johnson (2000) monitored the fate of 37,000 
Salicaceae seedlings during a 14 year study along the Platte River, USA. He found that 
seedling mortality was heavily affected by erosion or burial during summer flow pulses, 
dessication during summer low flows, and river bed restructuring by ice during winter, with all 
seedlings dying in over 40% of measurement plots by September of the germination year and 
in approximately 90% of plots within the first twelve months.   
 
Measurements of below-ground biomass demonstrate that root and shoot development in the 
Salicaceae are both strongly attuned to hydrological conditions. Young plants show rapid root 
development that tracks the falling water table and root architecture that is strongly influenced 
by groundwater levels and fluctuations (e.g. Mahoney and Rood, 1998, Kranjcec et al., 1998; 
Francis et al., 2005; Imada et al., 2008; Pasquale et al., 2012). For example, Francis et al. 
(2005) observed average daily increments in rooting depth of between 20 and 27 mm for 
Salix eleagnos and 10 and 15 mm for P. nigra, for a 3 cm.day-1 rate of water table decline, 
with variations for each species depending upon substrate calibre. Such fast rates of root 
extension allow young plants to gain rapid root anchorage, which helps them to resist 
uprooting by fluvial disturbances. 
 
In the case of aquatic plants in humid temperate environments, the annual growth cycle 
ensures that plants expose the lowest above-ground biomass at times of highest (winter) 
flows. Although some species are annuals, many aquatic species are perennial, usually 
sprouting in spring to achieve peak above-ground biomass in mid to late summer and then 
dying back in the autumn. Below-ground biomass also follows an annual growth and decay 
cycle. For example, Sparganium erectum, a very common emergent aquatic plant (Riis et al., 
2000; O’Hare et al., 2010) that is found across much of the northern temperate zone, 
maintains a network of rhizomes throughout the year but shows rapid root growth in spring, 
slightly in advance of above-ground biomass (Figure 6B), with dense roots extending up to 40 
cm in length by mid-summer, and a cycle in rhizome growth that is slightly later, ensuring that 
rhizome density is highest in late summer, with up to 10 rhizomes per plant.  
 
 
Adaptation to Flow, Erosion and Burial Stresses 
 
A final set of plant adaptations to fluvial environments concern their morphological responses 
to stream flow variations and their ability to withstand burial and uprooting. Young plants of 
the Salicaceae not only develop above- and below-ground biomass rapidly, but their stems 
and branches are very flexible. Figure 9 shows different degrees of canopy deformation and 
both fine sediment deposition (Figure 9B) and scour (Figure 9D) around dense strips of Salix 
eleagnos seedlings, following a summer flood on the Tagliamento River, Italy.  As the 
Salicaceae mature, some species (e.g. Salix eleagnos) develop a bushy morphology and 
retain considerable stem and branch flexibility, whereas others grow taller, and develop rigid 
trunks (e.g. Populus nigra, Figure 10C). In both cases, they develop robust and extensive root 
networks (Figure 10) that strongly resist uprooting (e.g. Karrenberg et al, 2003b) and whose 
morphology and biomass adjusts to mechanical stresses (Scippa et al., 2008). The roots 
anchor plants into gravel bar surfaces (Figure 10B), and reinforce sediment that is retained 
within plant stands (Figure 9 B, Figure 10 A and C). The production of deep root systems and 
also of adventitious roots in response to burial (Figure 10 C) are particularly important for 
these species as they help them to avoid being undermined by bank erosion (Figure 10 A and 
C) and give them a very high tolerance to burial (Figure 9C). 
 
Most aquatic plant species also show high resistance to fluvial damage including uprooting as 
a result of a variety of traits (Schutten and Davy, 2000; Schutten et al., 2005). Different plant 
morphotypes have different aggregate impacts on flow resistance (Bal et al., 2011) and 
interact with flowing water in different ways (Sand-Jensen and Pedersen, 1999; Green 2005), 
but in general submerged macrophyte species adopt a streamlined morphology that reduces 
drag (Sand-Jensen, 2008; Sand-Jensen and Pedersen, 2008; Dijkstra and Uittenbogaard, 
2010) whereas many erect emergent macrophytes present relatively higher local flow 
resistance and show remarkable mechanical strength in both above and below-ground 
organs, allowing them to resist breakage and uprooting. For example, biomechanical 
measurements of the emergent macrophyte Sparganium erectum have shown that while its 
rhizomes persist and show considerable strength with only relatively small seasonal 
variations, its stems, rhizomes and roots are all very robust by mid-summer (Liffen et al., 
2011). Numerical modelling indicates that as a result of the strength of Sparganium erectum, 
lateral erosion and undermining of stands is the only mechanism that is likely to dislodge 
plants in the generally low energy river environments that this species occupies (Pollen-
Bankhead et al., 2011). Different morphologies, and stem and stand densities of aquatic 
macrophytes are associated with different impacts on the flow field (Folkard, 2009) and thus 
their sediment trapping and retention potentials (Sand-Jensen, 1998; Clarke, 2002; Schulz et 
al., 2003; Sharpe and James, 2006). Some submerged species are adversely affected by 
sedimentation and so they only tend to survive in locations where sediment supply is 
relatively low and / or where their interactions with the flow field do not support significant 
sediment retention. However, individuals and stands of many submerged and most emergent 
species form effective sediment retention structures (Cotton et al., 2006; Gurnell et al., 2006; 
Asaeda et al., 2010; Neary et al., 2011). Whilst sediment may be resuspended (Kleeberg et 
al., 2001), particularly following decay of the above-ground biomass through the winter, some 
species develop below ground organs (roots, rhizomes etc.) within the retained sediment that 
both anchor the plants during the growing season and retain and reinforce the sediment 
through the winter. These are the species that are geomorphologically significant.  
 
 
How plants influence river form and dynamics 
 
It is clear from the above review of vegetation as a control on alluvial river behaviour, that 
vegetation influences channel size, pattern and dynamics at a macro-scale. This section is 
concerned with how plants achieve this influence at the local scale in different environmental 
contexts. 
 
 
Hotspots of river ecosystem engineering by plants 
 
The mechanisms by which plants survive in fluvial corridors and influence geomorphology 
were summarized in the previous section. In essence, particular species can survive only 
inside specific envelopes of physical environmental conditions, which vary according to the 
broad climatic and physiographic context and local spatio-temporal variations in the 
magnitude and frequency of fluvial processes (e.g. Gurnell and Petts, 2006). At any particular 
site, fluvial processes are the primary controls on fluvial morphology, but where conditions are 
suitable, particular plant species are capable of colonizing exposed or inundated alluvial 
sediment and then trapping and stabilizing sediment to build pioneer landforms. The plants 
and the landforms they create, change local physical conditions and trap plant propagules, 
facilitating colonization and growth of other plant species. In this way, plants influence fluvial 
geomorphology and act as ecosystem engineers.  
 
At any site, strong lateral gradients in fluvial energy and disturbance exist across river 
corridors from the low flow channel to the floodplain. The environmental envelope in which 
ecosystem engineering plants operate is confined between the central areas of the river 
corridor where fluvial disturbances are too high (Figure 11 A, upper graph, dashed line), and 
outer areas where competition with other plant species is too strong (Figure 11 A, upper 
graph, solid line). The area of the corridor located within this envelope can be considered a 
hotspot of plant ecosystem engineering where particular pioneer plant species interact 
strongly with fluvial processes (Figure 11A, upper graph shaded area). Depending upon the 
energy of the river system, the hotspot might be within the low flow river channel, with aquatic 
plants engineering the form of the bed and bank toe, or it might be beyond the low flow 
channel, where riparian plants engineer areas of exposed sediment (Figure 11A, lower 
graph). As river energy increases, the hotspot shifts (Figure 11B) from (i) the channel, where 
bed siltation around submerged and emergent plants may (a) aggrade the entire river bed, 
transforming it into a wetland, or (b) create mounds and ridges on the bed, that may 
eventually aggrade into vegetated bars, to (ii) the low flow channel margins, where emergent 
aquatic plants trap sediment to form submerged shelves, to (iii) the exposed edges of the low 
flow channel where seedlings may mature, creating exposed shelves and levée forms, to (v) 
exposed bar surfaces, where snagged trees and large wood accumulations can sprout and 
trap sediment forming scroll bars or pioneer islands. All of these pioneer landforms are 
centred on one or more pioneer plant species, and have a characteristic morphology resulting 
from interactions between the retention and reinforcement of sediment by the plants and 
fluvial processes of sediment transport, erosion and deposition (Gurnell, 2007).  
 
Where conditions are suitable for the creation of pioneer landforms, they interact with one 
another through biogeomorphic feedbacks to maintain a dynamic landform assemblage, as 
suggested by Schoelynck et al. (2012) in relation to patches of aquatic vegetation, by Larsen 
et al. (2009) in relation to the maintenance of ridge and slough landforms and communities in 
the Everglades, and by Francis et al. (2009) in relation to pioneer islands. These 
biogeomorphic feedbacks may involve the growth and coalescence of pioneer landforms into 
larger features, but within the hotspot, they may also suffer dissection and erosion. However, 
towards the edges of the hotspot or as a result of changes in the position of the hotspot 
related to the spatial and temporal dynamics in fluvial processes, pioneer landforms may be 
lost from some areas and may evolve into larger landforms (e.g. benches, lateral bank 
extensions, islands, and lateral floodplain extensions, Figure 11B) contributing to the larger 
scale morphodynamics of the river system. Where major changes in fluvial processes occur, 
this may be accompanied by changes in the nature of the hotspot and the landform-
constructing pioneer species.  
 
A final crucial point is that hotspot character and dynamics are not simply passive responses 
to fluvial processes. Plants within hotspots create landforms that can only be removed by 
greater disturbances than those that contribute to their formation. The longer the hotspot 
persists and the landforms evolve, the greater the disturbance required for landform removal. 
Therefore, there is a hysteretic relationship between landform construction / destruction and 
fluvial disturbance. In large river systems, where the hotspots can be large, these interactions 
and associated landform dynamics can be seen as fluvial examples of the ‘self-organized 
patchiness and catastrophic shifts in ecosystems’ described by Rietkerk et al. (2004). 
Furthermore, the suite of processes and interactions described in this section, which operate 
at the local scale, fit within the larger scale concept of a ‘fluvial biogeomorphic succession’ 
that operates within river corridors (Corenblit et al., 2007). 
 
 
Vegetation-mediated landform development in different fluvial contexts 
 
This section provides some examples of pioneer and related landforms within the humid 
temperate zone that are associated with rivers of different gradient, flow energy and sediment 
calibre. 
 
The Narew River, Poland is a very low energy, anastomosing / anabranching system (Nanson 
and Knighton, 1996), whose morphodynamics are controlled by vegetation (Gradzinski et al., 
2003).  Plants provide the material from which the peat channel banks are constructed; 
reinforcement of these organic river banks; channel encroachment and narrowing; and 
channel bed colonization and local shallowing (Gradzinski et al., 2003). Submerged and 
emergent aquatic plants (e.g. Sagittaria sagittifolia, Nuphar lutea) colonise channel beds, 
whereas the banks are colonized by emergent species (e.g. Phragmites australis). In this 
system, vegetated bar formation is the key process inducing channel narrowing and change, 
reflecting colonization, stabilization and subsequent aggradation of the river bed and margins 
by aquatic plants, particularly the emergent macrophyte, Sparganium erectum. Six bar types 
are recognized (mid-channel, side, point, concave bank, lingoid and plug) and vegetated bar 
development and channel blockage by aquatic plants induces elevated water levels, which in 
turn induce avulsions that create new channels. 
 
The lowland, low energy, predominantly sinuous, single-thread, rivers of southern and eastern 
England also support many submerged and emergent macrophyte species. In this region, 
three river types with significant aquatic plant communities are recognized: lowland, low 
gradient; lowland, clay-dominated; and chalk and other base-rich rivers (Holmes et al., 1999). 
Research on the chalk groundwater-fed, River Frome, Dorset (Gurnell et al., 2006), has 
established the importance of aquatic plants for trapping fine sediment on the channel bed 
(Ranunculus spp.; Cotton et al., 2006) and close to the bank toe (Sparganium erectum, 
Gurnell et al., 2006), and for retaining viable propagules of a wide range of other aquatic, 
wetland and terrestrial plant species (Gurnell et al., 2007). In the Frome, Sparganium erectum 
is particularly important for building submerged shelves of sediment along the bank toe. 
Research on the clay-dominated River Blackwater has revealed the remarkable strength of 
Sparganium erectum (Liffen et al., 2011) and has identified additional distinct landforms 
associated with the presence of this species. Fine organic sediment is trapped and retained 
by the species to form submerged ridges on the channel bed and submerged shelves along 
the channel margins (the Sparganium erectum stand in Figure 6C is retaining a point shelf 
form below the water surface). Once these submerged features aggrade to low flow water 
level, Sparganium erectum is unable to survive but other species colonise the emerging 
landform, benefitting from the viable seed bank retained with fine sediment (Figure 6D). A 
biogeomorphological sequence is set in train, whereby the submerged shelf aggrades to a 
form a lateral bar or exposed shelf that further aggrades to a bench form and finally to 
floodplain level. Aggradation is accelerated by sedimentation within the colonizing plants that 
follow a sequence from emergent to wetland to terrestrial species as the elevation of the 
landform increases. The entire sequence can be seen in Figure 6E within a sloping bank face 
landform (black dashed line). This landform is extending laterally into the channel and 
downstream (towards the foreground) with its submerged leading edge colonized and 
protected by Sparganium erectum. As the landform develops, the opposite bank erodes, 
leading to channel migration. In the example shown in Figure 6E, a similar feature forming 
upstream on the opposite bank is also leading to erosion of the opposing bank and an overall 
increase in channel sinuosity. Similar, bench features associated with riparian vegetation 
protection and reinforcement have been described by Erskine et al. (2009) and Rhoads and 
Massey (2012). 
 
As river energy increases, riparian plants, particularly shrub and tree species, take over the 
role of fluvial engineers. These species reproduce by both sexual and asexual means. Both 
propagule types require bare moist sediment for germination and initial growth, but seedlings 
are more susceptible to damage and removal by fluvial processes, whereas large vegetative 
propagules, produced in large quantities by severe fluvial disturbances, are able to establish 
more quickly and so are more resistant to flood damage. Seedlings are most likely to survive 
and establish at locations or during time periods when fluvial disturbances are relatively small. 
 
Colonisation of the margins of a low flow channel of the braided Tagliamento River by 
seedlings is illustrated in Figure 9A. Figure 4 (August 2008) shows the same low flow channel 
margins in a broader spatial context, and seedlings can be seen on other channel margins 
towards the left of the photograph and also along the far side of the river corridor towards the 
right of the photograph. These strips of seedlings were not present in July 2005 (Figure 4) but 
developed during a period without major floods between 2005 and 2008 (Figure 7). During 
this period of subdued flows, the seedlings were deposited, germinated and grew to a height 
of over 3 m in some places, but typically to 1.5 to 2m. The seedling strips trapped varying 
amounts of sediment during inundation events, but levée-like structures 20 to 40 cm deep 
were widespread. Sediment accretion by similar strips has been observed along low flow river 
margins by Corenblit et al. (2009). In lower energy rivers, these may form the predominant 
riparian plant-engineered feature, underpinning river bank development where moist sediment 
is exposed across the lower bank and bank toe to support germination. 
 
In higher energy systems, such as the Tagliamento River, Italy, major fluvial disturbances 
dislodge and undermine entire trees. These may break up or be deposited whole on gravel 
bars where they can regenerate. Interactions between this living wood and fluvial processes 
can lead to elongated features, such as scroll bars or more compact features such as pioneer 
islands, depending upon the river setting (Gurnell et al., 2001).  Along its lower reaches, the 
Tagliamento River has a low gradient and adopts a meandering planform. Here scroll bars 
form incorporating large quantities of living wood (Figure 9C). Following deposition, the wood 
sprouts, generating shrub covered ridges that are gradually incorporated into the floodplain as 
the river migrates. In the middle and upper reaches of the river, the channel gradient is 
steeper and the river adopts a braided planform. Whole trees and wood pieces are deposited 
across braid bar surfaces where they regenerate. Figure 12 illustrates the stages from tree 
deposition (Figure 12 A), through initial sprouting, trapping of sediment, living and dead wood 
to form pioneer islands (Figure 12, B and D), and then lateral enlargement and, in some 
cases, coalescence to form larger (building) islands (Figure 12 C, Gurnell et al., 2005). Similar 
pioneer island development has been observed in many other environments in association 
with dead wood accumulations (e.g. Abbe and Montgomery, 2003; Pettit et al., 2006; Pettit 
and Naiman, 2006) and living wood retention on mid channel bars (Rood, et al., 2011). The 
ability of pioneer islands on the Tagliamento to withstand fluvial disturbances is clearly 
illustrated in Figure 12 D by the deep scour hole at the island head and significant relief of the 
island relative to the surrounding bar surface. Pioneer islands are illustrated at a larger spatial 
scale in Figure 4. Distinct patches of trees associated with pioneer island development can be 
seen in the middle of the active tract towards the left of the July 2005 photograph and also 
between the two areas of mature trees in the middle of the active tract towards the right of the 
same photograph. By August 2008, both of these areas of patchy vegetation in July 2005 had 
developed to form large islands with continuous tree cover, whereas new pioneer islands had 
formed close to the edge of the floodplain on the far side of the river. By June 2010, the oldest 
parts of the island on the left of 2008 photograph had been removed by fluvial processes, 
whereas the floodplain margin on the far side of the river had extended across part of the 
previous bar surface. 
 
In very high energy systems or where growing conditions do not support sufficiently rapid 
propagule growth and pioneer island development, river engineering by plants may become 
confined to the extreme edges of the channel. This explains why extensive, dynamic islands 
and sequences of scroll bars are confined to those areas of the middle and lower Tagliamento 
which support the most rapid Populus nigra growth (e.g. between river kilometers 78 to 88 
and downstream of 120, Figure 1). 
 
The hysteretic relationship between vegetated landform development and destruction by 
fluvial processes can also be seen along the Tagliamento River. For example, some of the 
strip levées formed during the low, subdued flows between 2005 and mid 2008, persisted 
through floods in late 2008 and 2009 and can still be seen in the June 2010 photograph 
(Figure 4). This hysteresis has been confirmed at a larger spatial scale by Bertoldi et al. 
(2011a) through the analysis of multi-temporal ASTER imagery. Between 2004 and 2009, the 
spatial extent of the vegetated area within the active tract of the river varied through time but 
also between subreaches of a 20km length study reach (including the site shown in Figure 4). 
At sites where riparian tree growth was vigorous, the vegetated area expanded quickly during 
periods without large floods, and was subsequently able to resist erosion when floods 
occurred, whereas at sites where tree growth was slower, the vegetated area expanded at a 
slower rate and was re-set to its original extent by the floods. By analyzing Lidar data, Bertoldi 
et al (2011b) were able to show that these different interactions between vegetation and 
fluvial processes along braided reaches of the Tagliamento affect the entire bed topography 
of the active tract, with heavily vegetated reaches showing a broad, symmetrical elevation 
frequency distribution, and sparsely vegetated reaches showing a skewed and peaked 
elevation frequency distribution. Observations of tree dynamics in these braided reaches has 
also revealed the relatively short distances moved by large uprooted trees during floods 
(Bertoldi et al, 2013). This suggests another feedback process between vegetation and 
geomorphology, whereby the largest trees, which have the potential to create the largest and 
most vigorous pioneer islands, tend to be deposited on the first bar downstream of the 
erosion site. 
 
In conclusion, fluvial energy conditions vary downstream along rivers and are reflected in 
rivers of different planform, suggesting that particular plant engineers and the landforms they 
create may be associated with rivers of different energy and style (Gurnell et al., 2012). 
However, fluvial energy also varies laterally within river reaches between main, secondary 
and side channels on the adjacent floodplain. This suggests that different plant species may 
affect river morphodynamics by creating different pioneer landforms both between and within 
river reaches and are likely to play a crucial role at spatial and temporal transitions between 
planforms. These patterns are represented schematically in relation to river planform in Figure 
13. 
 
 
Conclusions 
 
A combination of field, experimental and theoretical research has resulted in enormous 
advances in our understanding of the role of vegetation in fluvial geomorphology during the 
last decade. As modeling and flume experiments have become more sophisticated they have 
provided confirmation of the biogeomorphological importance of phenomena that had been 
inferred previously from field observations; they have placed these phenomena on a sound 
theoretical footing; and they have enabled their scale-dependence to be explored. At the 
same time, field research has continued to investigate processes and related landforms in 
detail across a range of environmental settings and to propose new phenomena that are 
worthy of investigation through flume experimentation and modeling. 
 
The riparian and aquatic plant species present within particular river reaches reflect the broad 
environmental (particularly climate) setting and local hydrological and fluvial constraints. 
Nevertheless, within the boundaries set by these constraints, particular species are capable 
of colonizing exposed or inundated alluvial sediment and then trapping and stabilizing 
sediment to build pioneer landforms. The plants and the landforms they create trap plant 
propagules of other species and change local physical conditions, facilitating colonization and 
growth of other plant species. In this way, individual plants and plant stands / patches 
influence fluvial geomorphology (land form, relative elevation, sediment calibre etc.). 
Moreover, different plant species may act as ecosystem engineers creating similar landforms 
within different environmental settings.  
 
These plant engineers act at the interface between areas of the river corridor dominated by 
fluvial processes, where plants are unable to survive, and areas dominated by vegetation, 
where species presence is heavily controlled by competition with other species. In this 
interface area, individual plants and plant stands / patches play a vital role in influencing the 
progression / recession of the boundary zone between the active river bed and the floodplain, 
and affect the character of the fluvial system across space scales from individual plants to 
entire river corridors. Furthermore, these crucial Interactions between vegetation and fluvial 
processes vary continuously through time as above and below ground biomass of the 
engineering species change within the annual growth cycle, over longer term growth 
trajectories, and in response to external drivers such as climatic, hydrological and fluvial 
process fluctuations and extremes. 
 
Despite enormous advances of the last decade, there is still much to be learnt about plants 
and fluvial geomorphology. To date much research has been pursued within humid temperate 
environments, which is why these environments have been the main focus of this review. 
However, as has been indicated, more arid systems have also received significant attention. 
An important theme for future research is to extend into a wider range of climatic settings.  
 
A second research frontier relates to the spatial and temporal scaling of linkages between 
vegetation and physical processes. Field researchers are increasingly investigating plant 
scale phenomena and their variability within annual growth cycles. These small phenomena 
structure patch-scale geomorphological forms and processes, but interactions between 
patches are almost certainly crucial to larger scale and longer term geomorphological 
phenomena. At present we know remarkably little about these scale linkages and the small 
(time and space) scale phenomena that are most geomorphologically important at larger 
scales. 
 
Progress in this field is important not only for improving our understanding of how fluvial 
systems function but also for informing the assessment, sustainable management and 
restoration of rivers and riparian systems. Plants, plant material, water and sediment interact 
to create complex fluvial environments and so all of these biological and physical elements 
need to be incorporated into attempts to restore river environments.  
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Figure Underlines 
 
 
Figure 1 
A. Changes in the basal area of three tree species on early-stage islands along the 
Tagliamento (data from Karrenberg et al., 2003a). B, C and D annual growth 
increments of P. nigra seedlings (B), and 3m tall shrubs (C and D) observed in 2005 
(B, C) and 2010 (D) at various sites along the middle and lower reaches of the 
Tagliamento River, Italy. Note the difference in vertical axis scales between the 
seedling (B) and the 3 m tall shrub (C and D) graphs. 
 Figure 2 
Physical processes that constrain riparian and aquatic plant colonisation and growth, 
and the biomechanical properties that enable plants of different species and growth 
stage to cope with the physical processes. The relative importance of the physical 
processes varies from the left to right of the diagram and also through time as river 
stage and discharge varies. 
 
 
  
Figure 3 
Distribution of aquatic plant morphotypes in British rivers, according to geographical 
position (Northing, Easting, altitude) and physical environment properties (unit stream 
power, average bed sediment size, percentage silt and clay in bed material), as 
revealed by a Canonical Correspondence Analysis of data from 467 river reaches. 
(for more information see Gurnell et al., 2010) 
  
Figure 4. Shifting mosaic of open water, bare gravel, and vegetated patches of 
different ground cover, biomass, height and species composition at the same site on 
the Tagliamento River in July 2005 (following a bankfull flood in winter 2004-2005); 
in August 2008 (following three years without any significant floods); and June 2010, 
(following two years with some significant floods, although none reached bankfull 
stage). 
(photographs by A. Gurnell) 
  
Figure 5. Variations in seed species composition found in sediments deposited on the 
banks and bed of two British rivers. The scatter plots show the plotting positions of 
sets (typically 9) of samples obtained from the bank top, bank face, and river bed 
during four 4-month time periods, along three reaches of two rivers in relation to the 
first two axes of a detrended correspondence analysis . The polygons highlight groups 
of samples to illustrate how species composition varies according to (A) the species 
pool available within the catchment; (B) the sampling position, particularly its 
elevation and thus the likely balance of seed delivery by water (indundation) and air 
(direct fall and wind blown), and (C) the time of year and flow levels of the sampling 
period. (for more information see Gurnell et al., 2008)  
 
  
Figure 6. Structure, annual growth and landform-building by Sparganium erectum.  
A. A plant uprooted in June, illustrating full shoot development and a substantial 
network of fine roots and thicker rhizomes. 
B. annual cycle in the development of shoot, rhizome and root biomass (1 = 23 
May, 2 = 30 June, 3 = 5 August, 4 = 3 September, 5 = 8 October, 6 = 23 
November, 7 = 14 January). 
C. a large stand of S. erectum growing on the inner bank of a river bend in July. 
D.and E. bench development resulting from sediment trapping by S.erectum and 
subsequent aggradation around other colonising plants (photographs taken in 
late April)  
F. rhizomes exposed by a winter flood.  
(photographs A, C, E by A. Gurnell, D by W. Bertoldi, F by T. Liffen) 
  
Figure 7. Variations in river stage at river kilometre 83 of the Tagliamento River, 
Italy, 1 January 2000 to 31 December 2010. The bankfull level and level at which the 
lowest bars start to be inundated is relevant to the reach immediately upstream of the 
gauge between river kilometres 74 and 83. 
  
Figure 8 Average daily growth increments of propagules of P. nigra in the first 
growing season, estimated from the main shoot from seedlings and cuttings and the 
longest of 10 shoots spaced evenly along the trunk of uprooted trees. All sampled 
individuals were growing on open bar tops on surface sediments ranging from silty-
sand to coarse gravel at a site 79 km downstream from the source of the Tagliamento 
during the 2003 and 2004 growing seasons. 
  
Figure 9  Tagliamento River, Italy.  
A. strips of Salicaceae seedlings along the margins of low flow channels in August,  
B. and D. close up views of strips of Salix eleagnos seedlings in August immediately 
after a flood, showing minor canopy deformation and heavy deposition of fine 
sediment (B – the marker is 0.5m tall) and major canopy deformation and fine 
sediment scour (D – the marker is 0.5m tall) 
C. Shoots (top) and living wood pieces (eroding face) within a scroll bar in mid April. 
(photographs by A. Gurnell) 
  
Figure 10 Tagliamento River, Italy 
A. Exposure of a dense network of riparian tree roots on an eroding river bank 
B. Salix eleagnos seedlings scoured to expose the upper part of their tap roots 
C.  Buried trunks and adventitious roots of Populus nigra exposed on an eroding 
river bank 
(photographs by A. Gurnell).
  
Figure 11 
 
A. The location of hotspots of plant engineering between areas dominated by 
fluvial disturbances and by plants (upper graph) and the potential shift in 
hotspot location and plant engineer type between rivers of different energy. 
B. Plant and propagule types that may act as ecosystem engineers, the pioneer 
landforms they may create and subsequent landform development trajectories 
towards island and floodplain development. 
  
Figure 12. Island development on the Tagliamento River.  
A. Uprooted,deposited tree (March);  
B. Pioneer island, March; 
C. Downstream end of a building island (March); 
D. Pioneer island, May 
 
(photographs by A. Gurnell) 
  
 
Figure 13 Schematic representation of the distribution of vegetation-associated pioneer 
landforms across rivers of different energy and planform. The landforms are located within 
hotspots of plant ecosystem engineering, which are located diagonally across the plot, 
occupying areas of increasing relative elevation within the cross profile of the river corridor as 
the frequency and energy of fluvial disturbances increases and/or the vigour of the vegetation 
decreases (modified after Gurnell et al., 2012). 
 
